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Abstract 
Recently, we have determined the structure of the catalytic domain of the 'Rieske' iron-sulfur protein of bovine heart mitochondrial 
bc I complex at 1.5 ,~ resolution (Iwata, S., Saynovits, M., Link, T.A. and Michel, H. (1996) Structure, 4, 567-579). This is the first 
structure of a bis-histidine coordinated [2Fe-2S] cluster. The spectroscopic, electrochemical, nd functional implications of the structure 
will be discussed. 
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1. Introduction 
The ubiquitous cytochrome bc complexes are con- 
stituents of the electron transfer chains of mitochondria, 
chloroplasts and bacteria. All bc complexes contain two 
heme b centres, heme c 1 or heme f and a 'Rieske' 
iron-sulfur protein comprising a high potential [2Fe-2S] 
cluster. The cytochrome bc 1 complexes are embedded in 
the respective membranes. Cytochrome b forms the core 
of the complex while cytochrome c l / f  and the iron-sulfur 
protein have their redox centres within the aqueous domain 
and are thought o be linked to the membrane part of the 
complex through hydrophobic anchors. 
The 'Rieske' iron-sulfur protein has first been described 
and isolated by Rieske et al. [1] and has later been 
identified as the 'oxidation factor' of the bc I complex [2]. 
The protein contains a [2Fe-2S] cluster having a distinct 
EPR spectrum with g~v = 1.91 and a high redox potential 
(+300 mV) [3]. 'Rieske' type clusters were later also 
found in bacterial dioxygenases [4]. From the analysis of 
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ENDOR and ESEEM spectra in combination with muta- 
tional analyses, it was predicted that the [2Fe-2S] cluster 
should have two histidine ligands coordinating through 
their N ~ atoms to the Fe(II) atom of the reduced cluster 
[5-7]. 
A water-soluble fragment containing the [2Fe-2S] clus- 
ter has first been isolated by Li et al. [8]. We have isolated 
a water soluble fragment (iron-sulfur fragment, ISF) of 
bovine heart mitochondrial bc I complex containing the 
intact [2Fe-2S] cluster which was found to be highly suited 
for electrochemical [9] and spectroscopic [10] studies. The 
fragment contains residues 68-196 of the mature iron- 
sulfur protein; its molecular weight including the [2Fe-2S] 
cluster is 14 592 Da. This fragment lacks the hydrophobic 
membrane anchor but still contains the native metal center 
as judged from EPR and CD spectroscopy as well as from 
its redox potential which was found to be within 10 mV of 
the value reported for the 'Rieske' cluster in the bcl 
complex [11]. Recently, we have crystallized this water- 
soluble fragment [11] and we have determined the crystal 
structure of the ISF using the multi-wavelength anomalous 
diffraction (MAD) technique and refined it at 1.5 .~ resolu- 
tion [12]. Here we present an analysis of the electrochemi- 
cal and spectroscopic properties of the 'Rieske' cluster in 
relation to the 3D structure and of possible interactions 
with cytochrome c~/ f  and with stigmatellin, an inhibitor 
binding to the 'Rieske' cluster in the Qp pocket of the bc 1 
complex. 
T.A. Link. S. lwata / Biochimica et Biophysica Acta 1275 (1996)54-60 55 
2. Structure of the water-soluble domain of the 'Rieske' 
protein 
The ISF is a flat spherical molecule with dimensions of 
45 ×40 × 25 A. The structure (Fig. 1) contains three 
layers of antiparallel beta sheets comprising a total of 10 
[3-strands ([31-[310). The only a-helix and a long loop are 
inserted between the strands 133 and [34 in bcl-'Rieske' 
proteins; the corresponding residues are missing in the 
sequences of 'Rieske' proteins of b6f complexes. The 
metal binding fold is separated from the rest of the struc- 
ture and forms a small domain-like fold of its own. The 
metal site itself is completely exposed at the tip of the 
fold; the N 'H  groups of both histidine ligands are fully 
accessible. 
3. Structure of the [2Fe-2S] cluster 
The [2Fe-2S] cluster is coordinated by two cysteine and 
two histidine residues: Cys-139 and His-141 in 'box 1' 
(loop 134-135), Cys-158 and His-161 in 'box 2' (loop 
136-[37). Thus, the coordination pattern is 2 + 2 compared 
to the 3 + 1 pattern (Cys-X4-Cys-X2-Cys...Cys) observed 
in plant type ferredoxins. 
The additional conserved cysteine residues (Cys-144 
and Cys-160, respectively) form a disulfide bond connect- 
ing two loops. The presence of this disulfide bond provides 
a rationale for the observation that mutation of each of the 
four totally conserved cysteine residues resulted in the loss 
of the cluster [13-15] as the disulfide bridge is important 
for the stabilisation of the fold around the cluster since the 
two loops are not shielded by other parts of the protein. A 
third loop covers the cluster from the other side; mutations 
in this 'Pro loop' containing the fully conserved sequence 
Fig. 1. Schematic ribbon diagram of the ISF. The [2Fe-2S] cluster, its 
ligands, the disulfide bridge, and residue Pro-175 are shown. The figure 
was drawn using the program MOLSCRIPT [45]. 
Gly-Pro175-Ala-Pro 177 have been found to be critical for 
cluster stability [16,17]. 
The distance between the two iron atoms is 2.7 ,~. The 
iron-ligand distances are compatible with those obtained 
from EXAFS measurements [18,19]; however, we have 
found a slightly greater iron-nitrogen distance (2.14 com- 
pared to 2.10 A). The coordination environment of the 
'Rieske' clusters has previously been predicted from the 
analysis of ENDOR and ESEEM spectra [5-7]. However, 
the details of the model predicted [7] differ from the 
structure of the reduced cluster presented here. The coordi- 
nation of the histidine ligands to the Fe-2 is much more 
asymmetric than predicted from the analysis of the EN- 
DOR spectra: The angles between the axis defined by the 
Fe-Fe bond and the Fe-2-N ~ vector are 52 ° and 39 ° for 
His-141 and His-161, respectively. The orientation of the 
imidazole plane is close to the N~-Fe-2-N ~ plane for 
His-141 (inclination 12 ° ) while His-161 is oriented perpen- 
dicular to the N~-Fe-2-N ~ plane (inclination 82°). The 
coordinating N ~ and S y atoms are not exactly in one plane 
but twisted by + 8 ° at the Fe-2 around the axis defined by 
the Fe-Fe bond. Thus, the cluster has an intrinsic chirality 
which provides a rationale for the intense CD spectra 
characteristic for all 'Rieske' clusters [20-22]. 
The cluster is additionally stabilised by the presence of 
multiple hydrogen bonds; all sulfur atoms participate in 
two NH-S or OH-S hydrogen bonds in addition to the iron 
and carbon bonds except the S ~ of Cys-158, which has 
only a single hydrogen bond to the nitrogen atom of 
Cys- 160. 
4. Ligand field of the Fe(lI) site 
While the coordinating sulfur atoms form an almost 
perfect etrahedron around the sulfur-coordinated Fe-1, the 
symmetry around the histidine-coordinated Fe-2 is reduced 
both by the presence of two histidine ligands as well as by 
a distortion of the coordination geometry; the N~-Fe-2-N ~ 
angle is 91 °, a value expected for octahedral coordination. 
The reduction in symmetry will result in a splitting of the 
energy levels of the d orbitals of the t2g set (in tetrahedral 
symmetry) of the Fe(II). The d orbital lying in the plane 
defined by the iron Fe-2 and the two bridging sulfur atoms 
will experience the strongest electrostatic repulsion since it 
is directed towards the negatively charged S 2- ligands 
(Fig. 2); therefore, its energy level will be raised compared 
to ferredoxin-type [2Fe-2S] clusters. Depending on the 
orbital ground state (d~_~ or dx2y2), this highest energy 
orbital will be dx: or d~y, respectively. In ferredoxin-type 
[2Fe-2S] clusters, the orbital ground state is dz: while Fee 
et al. [20] have favoured a dx2_y: ground state in their 
analysis of the MiSl3bauer spectra of the 'Rieske' protein 
from Thermus thermophilus. The energy of the ground 
state orbital (Id=: > or [dxz_y2 >)  will be lowered so that 
the energy splitting between the ground state and [dx= > 
56 T.A. Link, S. lwata / Biochimica etBiophysica Acta 1275 (1996) 54-60 
His 161 / / 
s / 
H N ~ ~  N /Fe's\Cys 139 
Hisl41~ 8 
Fig. 2. Structure of the "Rieske" [2Fe-2S] cluster. The orientation of the 
highest energy d orbital (d~z, assuming a dzz ground state orbital; see 
text) is indicated. His-161 lies in the paper plane, His-141 in the 
N~-Fe-2-N ~ plane. 
or [dxy > , AEx: or AExv, will be increased compared to 
tetrahedral 4-sulfur coordination. The value of A E~: or 
A Exy will be further increased by the presence of two 
imidazole ligands which are stronger ligands than RS- 
according to the spectrochemical series and by the reduced 
nephelauxetic effect due to the histidine ligands. Recently, 
we have been able to assign a band at 500 nm in the CD 
spectra of reduced 'Rieske' clusters to the highest energy 
magnetically allowed d-d  transition, (d__, -~ dx: or dx_~ ,,: 
-~ dx>.; [22]); this determines the energy difference AE,:  
or AEx~. at 20000 cm-1 in agreement with these consider- 
ations. 
The ligand field splitting determines the spin-orbit cou- 
pling and therefore the local g-values at the Fe(II) site. 
The effect of the ligand field distortion on the observed 
EPR spectra in 'Rieske'-type [2Fe-2S] clusters has been 
analysed by Bertrand et al. [23]; they predicted a highly 
distorted coordination environment of the Fe(II) and a 
value of AEx: around 15000 cm 1, assuming a d2 
ground state, however, their analysis was also consistent 
with a tic__,.. ~ ground state and high value for AE~,.. In 
both cases, the highest field g-value (g3, 1.76 for the 
isolated ISF) will be oriented along the Fe-Fe axis. There 
is good agreement between the distortion predicted by 
Bertrand et al. for the Fe(II) site and that observed in the 
crystal structure. A detailed analysis will have to take into 
account both mixing of iron d and p orbitals and back- 
bonding from imidazole Ir orbitals to iron. 
5. Redox potential of the 'Rieske' cluster 
In the reduced cluster, the additional electron is lo- 
calised, i.e., one iron has a formal charge of + 2 and the 
other iron of + 3. M613bauer spectroscopy of the 'Rieske' 
protein from Thermus thermophUus indicated that the Fe(II) 
is the iron having nitrogen coordination (Fe-2) [20]; this is 
consistent with the consideration that the neutral imidazole 
ligands should stabilize the Fe(II) state compared to two 
thiolate ligands. Therefore, the additional electron is largely 
in the lowest energy d orbital (dz2 or dx_, y2) of the Fe(II). 
Fe(II) (Fe-2) is close to the surface of the protein with its 
histidine ligands fully exposed to the solvent while Fe(III) 
(Fe-1) is buried within the protein and surrounded by the 
three loops forming the metal binding fold. Multiple fac- 
tors contribute to the high redox potential of the cluster: (i) 
The overall charge of the cluster, 0 / -  1 for the oxidised 
and reduced state, respectively, compared to -2 / -  3 for 
[2Fe-2S] clusters with four-cysteine coordination; (ii) the 
electronegativity of the histidine ligands; (iii) the presence 
of multiple hydrogen bonds to the bridging and terminal 
sulfur atoms; (iv) the solvent exposure of the Fe(II). 
Hydrogen bonds have been recognised as an important 
factor for determining the redox potential of iron-sulfur 
clusters [24]; in [4Fe-4S] clusters, the potential is con- 
trolled over a wide range through the microenvironment 
(accessibility) of the cluster and the number of hydrogen 
bonds [25]. This result has been confirmed by electrostatic 
calculations [26]. In the 'Rieske' protein, the same factors 
seem to be involved in the control of the redox potential. 
Solvent exposure was found to contribute to the observed 
differences of the redox potential between the 'Rieske' 
cluster of the bc I complex presented here and 'Rieske' 
clusters in bacterial dioxygenases which have a much more 
negative redox potential [22]. In dioxygenases, the histi- 
dine ligands are not exposed to solvent and the N~H 
groups do not undergo redox-dependent deprotonation up 
to pH 10. The hydrogen bond pattern is likely to be 
involved in the modulation of the redox potential within 
the group of quinone oxidising 'Rieske' clusters where the 
imidazole groups are exposed. Perturbation of the environ- 
ment of the cluster by point mutations i  likely to cause the 
loss of hydrogen bonds; in all mutants tudied so far the 
redox potential was shifted towards lower values [16]. 
6. Redox-dependent protonation / deprotonation 
The redox potential of the 'Rieske' protein was found 
to be pH-dependent, both in the bc I complex [27] and in 
the isolated protein [9]. From the analysis of the data, the 
existence of two groups with redox-dependent pKa values 
could be concluded [9]. This result could be confirmed by 
the analysis of the pH dependence of the CD spectra of the 
oxidised protein [10]. Two redox-dependent pKa values or 
at least a slope A Em/ApH < -60  mV/pH which cannot 
be explained with a single deprotonation step have been 
found in all 'Rieske' proteins involved in hydroquinone 
oxidation [28-31]; therefore, the existence of two redox- 
dependent pK~ values can be considered as a characteris- 
tic feature of hydroquinone oxidising 'Rieske' clusters and 
it should be associated with conserved residues. 
Both deprotonation steps induce alterations of the elec- 
tronic states of the cluster which can be observed in the 
CD spectra of the cluster; this excludes a general electro- 
static effect. Therefore, one of us has proposed that the 
deprotonation should involve the N~H groups of the imi- 
dazole ligands [9]. This was supported by FTIR spec- 
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troscopy which excluded eprotonation f aspartate, gluta- 
mate, or tyrosine (Baymann, F., Link, T.A., Robertson, 
D.E. and M~intele, W., manuscript in preparation). In the 
structure, we could not identify residues in the vicinity of 
the cluster which are likely to undergo redox-dependent 
deprotonation. The conserved Tyr-165 is buried in the 
protein and hydrogen bonded to the S ~ of Cys-139; this 
residue is structurally important but cannot undergo depro- 
tonation. We conclude that the only residues that are likely 
to undergo redox-dependent deprotonation are the two 
histidine ligands. The strong coupling between the elec- 
tronic states of the cluster and of the ligands can explain 
the large pK a shift upon oxidation of the cluster. 
Since both imidazole ligands have different orientation 
with respect to the cluster, their interaction with the iron d 
orbitals will be different. From the symmetry of the clus- 
ter, we would expect electron density to be donated from 
the 7r orbitals of the perpendicular imidazole (His-161) 
into the lowest energy unoccupied orbital (LUMO) of 
the oxidised cluster (both for d,_~ and d~_, ,  being the 
LUMO) but not from the 7r orbitals of the in-plane 
imidazole (His-141). This will decrease the electron den- 
sity and therefore lower the pK~ value of His-161 on the 
oxidised cluster; the effect will be smaller for His-141 
since the -rr orbitals are not directly coupled to the LUMO. 
Upon reduction, the LUMO will accept he electron and 
thus the electron density will be increased in His-161 due 
to decreased imidazole-iron backdonation. 
7. Interaction of the 'Rieske' cluster with quinones and 
inhibitors: The Qp pocket 
The 'Rieske' iron-sulfur protein is the primary electron 
acceptor during hydroquinone oxidation in cytochrome bc 
complexes. It is also the primary binding site for two 
classes of inhibitors, stigmatellin and 2-hydroxyquinones 
which show strong structural homology to the natural 
substrate, ubiquinone [32]. The affinity of the bc~ complex 
for stigmatellin is largely decreased when the iron-sulfur 
protein is depleted [33]. Binding of quinones to the re- 
duced iron-sulfur cluster can be observed in the EPR 
spectrum by a shift and change of the line-shape of the 
high-field g-value (g3) [34]. Similar spectral effects are 
observed upon binding of stigmatellin and 2-hydroxy- 
quinones; in addition, binding of these inhibitors leads to 
an increase of the midpoint potential of the [2Fe-2S] 
cluster [35]. However, the inhibitors do not bind to the ISF 
(Link, unpublished results) but still bind weakly to ISP-de- 
pleted bc~ complex; this shows that other parts of the Qp 
pocket, most likely cytochrome b, contribute a major part 
of the binding interactions. 
Stigmateilin also binds in the QB site of the photosyn- 
thetic reaction center (RC) from purple bacteria, in the 
same position as ubiquinone via a hydrogen bond to 
residue His-L190 which is a ligand to the Fe(II) while the 
Leu142 ~N\~ ~XN ~l-I'sJgl 
/H 
HO \ 
Fig. 3. Model of the interaction between the 'Rieske' [2Fe-2S] cluster and 
the inhibitor stigmatellin. 4 of the 7 hydrogen bonds to the sulfur atoms 
of the cluster are also indicated. 
major part of the pocket is formed by residues L212-L232 
[36]. Although the QB site of the RC and the Qp site of the 
bc~ complex are functionally different (the QB site is a 
quinone reduction site which binds quinone but not hydro- 
quinone and stabilises the intermediate semiquinone; the 
Qr, site is a hydroquinone oxidation site which binds both 
quinone and hydroquinone and destabilises the 
semiquinone), there seems to be a structural similarity 
between both sites. We suggest hat the exposed histidine 
ligands of the [2Fe-2S] cluster might provide hydrogen 
bonds to stigmatellin (and quinone) in a similar manner as 
His-L190 (Fig. 3). Since the strength of these hydrogen 
bonds will depend on the charge distribution on the imida- 
zole ring and therefore on the redox-state of the cluster, 
this would explain the redox dependence of the binding 
constant for stigmatellin. 
The structural analogy between the Qp and the QB site 
is extended by the presence of a leucine residue adjacent to 
the hydrogen bonding histidine (Leu-L189 in the QB site, 
Leu-142 in the ISF). In the QB site, this residue is in Van 
der Waals contact with the side chain of stigmatellin [36]. 
Mutation of this leucine in the 'Rieske' protein of Rb. 
capsulatus (residue 136) to Gly, Asp, His, or Arg com- 
pletely blocked quinone binding while the structure and 
the redox-potential were apparently not perturbed [37]. 
Ding et al. have measured the binding of two quinone 
molecules in the Qp pocket of the bc~ complex and have 
discussed ifferent models [38,39]. From the structure of 
the ISF, binding of two quinone molecules to the two 
histidine ligands seems to be possible as well as binding of 
a single quinone to either histidine. Therefore, Fig. 3 is 
meant only to illustrate the analogy to the situation found 
in the QB site and possible hydrogen bonding of stig- 
matellin and/or quinone(s) to either histidine as well as 
the involvement of Leu- 142. 
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8. Interaction between the 'Rieske' protein and cy- 
tochrome c t / f  
The only highly conserved parts of the ISF which are 
neither involved in metal binding nor critical for the fold 
are the bottom parts of the metal binding fold. Since we 
would expect he interface between the 'Rieske' protein 
and cytochrome c~ to be conserved, we suggest hat the 
bottom part of the metal binding fold may be involved in 
this interaction. Cytochrome b and the 'Rieske' protein are 
highly conserved between bc I and b6f complexes while 
cytochrome c~ and cytochrome f are functionally equiva- 
lent but show no detectable sequence homology except for 
the heme binding pentapeptide. So far, only the structure 
of the water soluble domain of cytochrome f has been 
determined [40] but not that of cytochrome cj. Fig. 4 
shows a tentative docking model of the ISF and cy- 
tochrome f based on the following observations: 
(i) The location of the membrane anchors at the N- 
terminus of the ISF and the C-terminus of cytochrome f 
puts constraints on the orientation of both domains with 
respect o the membrane. 
(ii) The high-field g-value (g3) which is aligned along 
the Fe-Fe vector (see above) has been found perpendicular 
to the membrane in EPR studies of oriented membranes 
[4l]. 
(iii) The shape of the ISF is asymmetric with a convex 
surface which we consider to be exposed and a concave 
surface containing most of the exposed conserved residues 
which we suggest to interact with cytochrome f. 
(iv) The model is in agreement with the hypothesis [40] 
that the large domain of cytochrome f should interact with 
the 'Rieske' protein since the small domain binds plasto- 
cyanin (PC). 
(v) In order to construct the model, we had to remove 
the helix etl and the loop a 1-134; this part is missing in 
the sequences of 'Rieske' proteins from b6f complexes. In 
the docking model, the N-terminal part of cytochrome f 
which provides the sixth heme ligand occupies the space 
where the helix-loop structure is located in bc 1 'Rieske' 
PC binding 
site 
,' Qp pocket "' 
rh- m6ia  - 
Fig. 4. Docking model between the ISF (grey) and cytochrome f (white). The helix ct I and the loop ~ 1-134 have been removed from the ISF before 
docking since these residues are missing in the 'Rieske' protein from b6f complexes. The Qp site is in the membrane plane close to the [2Fe-2S] cluster 
(cf. Fig. 3). In the upper part of cytochrome f, side chains which have been suggested tobe involved in plastocyanin binding are indicated [40]. The arrow 
indicates a movement of the small domain of cytochrome f which will enable its binding to the 'Rieske' protein. The figure was drawn using the program 
MOLSCRIPT [45]. 
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proteins. In the bc I complex where the 'Rieske' protein 
contains the helix-loop structure, cytochrome c 1 will have 
a different structure of the N-terminus ince the sixth heme 
ligand is not the terminal amino group but residue Met-160. 
In the model, the distance between the iron-sulfur clus- 
ter and the heme is approx. 34 ,~ which is compatible with 
first X-ray results of the whole bc I complex [42]. The Qp 
pocket involving the histidine ligands of Fe-2 and residue 
Leu-142 (see above) is close to the membrane surface; this 
is in agreement with topological studies of the bc~ com- 
plex [43,44]. 
The small domain of cytochrome f is connected to the 
large domain by a flexible loop; it was suggested that its 
orientation in the b6f complex might differ from that 
observed in the crystal structure of the water soluble 
domain [40]. We propose that in the b6f complex the 
small domain binds to the bottom of the 13-sandwich 
composed of sheets 1 and 2 of the 'Rieske' protein (indi- 
cated by the arrow in Fig. 4). This would enable a tightly 
packed conformation of the aqueous domain of the com- 
plex. In addition, the basic side chains which are likely to 
be involved in PC binding [40] would surround a deep 
binding site where PC could bind close to the heme group. 
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